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Ternary copper(II) complexes [Cu(L-pro)(B)(H2O)](NO3) (1, 2) where L-pro = L-proline, B is a N,N-donor heterocyclic base, viz. 2,2
0-
bipyridine (bpy, 1), 1,10-phenanthroline (phen, 2), are synthesized, characterized, and their DNA binding and cleavage activity studied.
The bpy complex (1) is structurally characterized by single-crystal X-ray crystallography. The complexes show the presence of a distorted
square-pyramidal (4 + 1) CuN3O2 coordination geometry. Complex [Cu(L-pro)(bpy)(H2O)](NO3) (1) crystallizes in the triclinic space
group P1 with unit cell parameters: a = 7.082(3) A˚, b = 10.483(5) A˚, c = 11.581(5) A˚, a = 89.700(7), b = 83.488(8), c = 84.109(8)
and V = 849.7(7) A˚3. The one-electron paramagnetic complexes display a d–d band near 600 nm in water and show a cyclic voltammetric
response due to Cu(II)/Cu(I) couple near 0.1 V (versus SCE) in Tris–HCl buﬀer–0.1 M KCl. Binding interactions of the complexes with
calf thymus (CT) DNA have been investigated by emission, absorption, viscosity and DNA thermal denaturation studies. The phen com-
plex displays signiﬁcant binding propensity to the CT DNA giving an order: 2 (phen) 1 (bpy). The bpy complex does not show any
apparent binding to the DNA and hence poor cleavage eﬃciency. Complex 2 shows eﬃcient oxidative cleavage of SC-DNA in the pres-
ence of 3-mercaptopropionic acid (MPA) involving hydroxyl radical species as evidenced from the control data showing inhibition of
DNA cleavage in the presence of DMSO and catalase.
 2007 Elsevier Ltd. All rights reserved.
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Compounds cleaving DNA under physiological condi-
tions are of current interests for their potential applications
in genomic research and as footprinting and therapeutic
agents [1–10]. The DNA cleavage could occur by two
major pathways, viz. hydrolytic and oxidative pathways.
Hydrolytic DNA cleavage involves cleavage of phosphoest-
er bond to generate fragments those could be subsequently
religated. Hydrolytic cleavage active species mimics restric-
tion enzymes. The oxidative DNA cleavage involves either
oxidation of the deoxyribose moiety by abstraction of
sugar hydrogen or oxidation of nucleobases. The purine0277-5387/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.poly.2007.07.040
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E-mail address: pr.chetana@gmail.com (P.R. Chetana).base guanine is most susceptible for oxidation among four
nucleobases. The role of ternary copper(II) complexes in
biological systems is well known [11]. Among the transition
metal based DNA cleaving agents, particularly copper phe-
nanthroline complexes, is primarily sugar directed. They
are responsible for direct strand scission by hydrogen atom
abstraction from the deoxyribose moiety. Sigman and
co-workers have reported that the bis-(1,10-phenanthro-
line)copper(I) complex in presence of H2O2 acts as a
‘chemical nuclease’ that eﬃciently nicks DNA [1,2].
Recently there are several reports of copper(II) complexes
showing eﬃcient chemical nuclease activity [12–15]. Recent
reports have also shown that amino acid/peptide based
copper(II) complexes show eﬃcient DNA cleavage activity
by oxidative and hydrolytic pathways [15–21].
The present work stems from our interest to design
ternary copper(II) complexes of bio-essential a-amino acid
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groove binders. Our choice of 2,2 0-bipyridine (bpy) and
1,10-phenathroline (phen) is based on their diﬀerence in
DNA binding ability [13,15c]. The distinctive cyclic struc-
ture of proline’s side chain gives an exceptional conforma-
tional rigidity compared to other amino acids. L-proline is
essential for the synthesis of collagen, the most abundant
protein in mammals [22].
Herein, we present the synthesis, structure, DNA
binding and cleavage property of two ternary copper(II)
complexes of formulation [Cu(L-pro)(B)(H2O)](NO3) (1,
2) where B is N,N-donor heterocyclic base, viz. 2,2 0-
bipyridine (bpy, 1) and 1,10-phenanthroline (phen, 2)
(Scheme 1). The bpy complex (1) has been structurally
characterized by X-ray crystallography. Detailed studies
have been made to elucidate the role of the DNA binder
and the mechanistic pathways involved in the ‘chemical
nuclease’ activity.
2. Experimental
2.1. Materials
All reagents and chemicals were procured from commer-
cial sources. Solvents used for electrochemical and spectro-
scopic studies were puriﬁed by standard procedures [23].
The supercoiled pUC19 DNA (cesium chloride puriﬁed)
was purchased from Bangalore Genei (India). Calf thymus
(CT) DNA, agarose (molecular biology grade), distamycin-
A, catalase, superoxide dismutase (SOD) and ethidium
bromide (EB) were obtained from Sigma (USA).
Tris(hydroxymethyl)aminomethane–HCl (Tris–HCl) buﬀer
solution was prepared by using deionized, sonicated triple
distilled water.
2.2. Synthesis
Preparation of [Cu(L-pro)(B)(H2O)](NO3) (1, 2)
(B = bpy, phen). The complexes were prepared by follow-
ing a reported [24] synthetic method with modiﬁcation inScheme 1. Complexes 1 and 2 and the heterocyclic bases.which a 10 ml aqueous solution of Cu(NO3)2 Æ 3H2O
(0.48 g, 2.0 mmol) was reacted with L-proline (0.23 g,
2.0 mmol) treated with NaOH (0.08 g, 2.0 mmol) in water
(10 ml) under magnetic stirring at room temperature. After
30 min, a 20 ml methanol solution of the heterocyclic base
[bpy (0.31 g), phen (0.40 g) (2.0 mmol)] was added to the
solution and the resulting mixture was stirred for 2 h at
room temperature. On cooling the solution to an ambient
temperature, it was ﬁltered and the ﬁltrate on slow concen-
tration yielded crystalline solid of the product. The solid
was isolated and washed with cold aqueous methanol
and ﬁnally dried over P4O10 (yield: 70%). Anal. Calc.
for C15H18CuN4O6 (1): C, 43.52; H, 4.38; N, 13.53. Found:
C, 43.35; H, 4.18; N, 13.26%. kmax, nm (e, M
1 cm1) in
water: 602 (50), 311 (10820), 300 (10790), 237sh (11030).
FT-IR, cm1 (KBr disc): 3445br, 3238m, 3018m, 2946m,
2885s, 1627s, 1574w, 1448m, 1384 vs, 1287w, 1191m,
1046m, 922m, 835m, 786m, 733s, 662m, 576m, 518m,
421m (s, strong; m, medium; w, weak; br, broad; vs, very
strong). leﬀ (solid, 298 K): 1.78 lB. KM (X
1 cm2 M1) in
water at 25 C: 128. Anal. Calc. for C17H18CuN4O6 (2):
C, 46.61; H, 4.15; N, 12.79. Found: C, 46.35; H, 4.07; N,
12.58%. kmax, nm (e, M
1 cm1) in water: 612 (60), 294
(8740), 272 (29350), 204 (38800). FT-IR, cm1 (KBr disc):
3380br, 3150br, 2884m, 1624s, 1519m, 1519m, 1387 vs,
1327w, 1148m, 1041m, 932m, 859s, 825m, 780m, 724s,
628w, 582w, 531m, 468m, 430w. leﬀ (solid, 298 K):
1.75 lB. KM (X
1 cm2 M1) in water at 25 C: 190.
The complexes showed high solubility in water, good
solubility in methanol and ethanol, dimethylformamide
(DMF) and dimethyl sulfoxide (DMSO) and were insolu-
ble in hydrocarbons.
2.3. General methods
The elemental analysis was done using a Thermo Finn-
igan FLASH EA 1112 CHNS analyzer. The infrared and
electronic spectra were recorded on Perkin–Elmer Lambda
35 and Perkin–Elmer spectrum one 55 spectrophotometers,
respectively. DNA melting experiments were carried out on
a Varian Cary 300 Bio UV–Vis spectrophotometer
attached to a Cary Peltier temperature controller. Mag-
netic susceptibility data at 298 K for the polycrystalline
samples of the complexes were obtained using Model 300
Lewis-coil-force magnetometer of George Associates Inc.
(Berkeley, USA) make. Hg[Co(NCS)4] was used as a stan-
dard. Experimental susceptibility data were corrected for
diamagnetic contributions [25]. Molar conductivity mea-
surements were done using a Control Dynamics (India)
conductivity meter. Electrochemical measurements were
made at 25 C on an EG&G PAR model 253 VersaStat
potentiostat/galvanostat with electrochemical analysis soft-
ware 270 using a three electrode setup consisting of a glassy
carbon working, platinum wire auxiliary and a saturated
calomel reference electrode (SCE) in water containing
0.1 M KCl. The electrochemical data were uncorrected
for junction potentials.
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Dark-blue single crystals of [Cu(L-pro)(bpy)-
(H2O)](NO3) (1) was obtained on slow concentration of
the aqueous-methanolic solution of the complex. Crystal
mounting was done on glass ﬁber with epoxy cement. All
geometric and intensity data for 1 were collected at room
temperature using a Bruker SMART APEX CCD diﬀrac-
tometer, equipped with a ﬁne focus 1.75 kW sealed tube
Mo Ka X-ray source (k = 0.71073 A˚), with increasing x
(width of 0.3/frame) at a scan speed of 10 s/frame. The
SMART software was used for data acquisition and the
SAINT software for data extraction. Absorption corrections
were made using SADABS [26]. The structure was solved and
reﬁned by full-matrix least-squares method using SHELX
system of programs [27]. All non-hydrogen atoms were
reﬁned anisotropically. The hydrogen atoms attached to
the heteroatoms were ﬁxed in their calculated positions
and reﬁned using a riding model.
Crystal data for 1: Formula: C15H18CuN4O6; colour:
blue; size: 0.32 · 0.26 · 0.20 mm; M = 413.87; triclinic,
space group P1 (no. 1); a = 7.082(3); b = 10.483(5); c =
11.581(5) A˚; a = 89.700(7); b = 83.488(8); c = 84.109(8);
V = 849.7(7) A˚3; Z = 2; T = 293(2) K; Dc = 1.618 g cm
3;
l = 13.27 cm1; 1.77 6 2h 6 26.37; R(Fo) = 0.0588; wR =
0.1420 for 6550 reﬂections with I > 2r(I) and 469 parame-
ters. [R1(F
2) = 0.0714 (all data)]; weighing scheme: w = 1/
[r2(F2o) + 0.0852P
2 + 0.0P], where P = (F2o + 2F
2
c)/3. The
goodness-of-ﬁt and the largest diﬀerence peak were 1.020
and 1.080 e A˚3, respectively. Perspective view of the com-
plex was obtained by ORTEP [28].
2.5. Studies on DNA interaction
The UV absorbance at 260 and 280 nm of the CT-DNA
solution in 5 mM Tris–HCl buﬀer (pH 7.2) gave a ratio of
1.9, indicating the DNA was free of protein [29]. The con-
centration of CT DNA was measured from the band inten-
sity at 260 nm with a known e value (6600 M1 cm1) [30].
The electronic spectra of the complexes were recorded
before and after addition of CT-DNA in the 5 mM Tris–
HCl/5 mM NaCl buﬀer (pH 7.2). The equilibrium binding
constant (Kb) values for the interaction of the complexes
with CT-DNA were obtained from the absorption spectral
titration data using the following equation:
ðea  efÞ=ðeb  efÞ ¼ ðb ðb2  2K2bCt½DNA=sÞ1=2Þ=2KbCt
ð1Þ
where b = 1 + KbCt + Kb[DNA]/2s; ea, the extinction coef-
ﬁcient observed for the charge transfer absorption band at
a given DNA concentration; ef, the extinction coeﬃcient of
the complex free in solution; eb, the extinction coeﬃcient of
the complex when fully bound to DNA; Kb, the equilib-
rium binding constant; Ct, the total metal complex concen-
tration; [DNA], the DNA concentration in nucleotides;
and s, the binding site size in base pairs [31,32].The apparent binding constant (Kapp) of the complexes 1
and 2 were also determined by ﬂuorescence spectral tech-
nique using ethidium bromide (EB) bound CT DNA solu-
tion in Tris–HCl/NaCl buﬀer (pH 7.2). The ﬂuorescence
intensities of EB at 600 nm (546 nm excitation) with an
increasing amount of the ternary complex concentration
were recorded. Ethidium bromide was non-emissive in
Tris-buﬀer medium due to ﬂuorescence quenching of the
free EB by the solvent molecules [33,34]. In the presence
of DNA, EB showed enhanced emission intensity due to
its intercalative binding to DNA. A competitive binding
of the copper complexes to CT DNA could result in the
displacement of EB or quenching of the bound EB by the
paramagnetic copper(II) species decreasing its emission
intensity.
DNA-melting experiments were carried out by monitor-
ing the absorbance of CT-DNA (200 lM NP) at 260 nm
with varying temperature in the absence and presence of
the complexes in a 2:1 ratio of DNA and the complex with
a ramp rate of 0.5 C/min in phosphate buﬀer (pH 6.85)
using a Peltier system attached to the UV–Vis
spectrophotometer.
Viscometric titrations were performed with a Schott
Gerate AVS 310 Automated Viscometer. The viscometer
was thermostated at 37 C in a constant temperature bath.
The concentration of DNA was 200 lM in NP and the ﬂow
times were measured with an automated timer, and each
sample was measured three times, and an average ﬂow time
was calculated. Data were presented as (g/g0)
1/3 vs. [com-
plex]/[DNA], where g is the viscosity of DNA in the pres-
ence of complex and g0 that of DNA alone. Viscosity
values were calculated from the observed ﬂowing time of
DNA-containing solutions (t) corrected for that of buﬀer
alone (t0), g = (t  t0).
2.6. DNA cleavage
The extent of cleavage of supercoiled (SC) DNA in the
presence of the complex and reducing agent MPA was
determined by agarose gel electrophoresis. In a typical
reaction, supercoiled pUC19 DNA (0.2 lg), taken in
50 mM Tris–HCl buﬀer (pH 7.2) containing 50 mM NaCl,
was treated with the complex. The extent of cleavage was
measured from the intensities of the bands using UVITEC
Gel Documentation System.
For mechanistic investigations, inhibition reactions were
done on adding the reagents prior to the addition of the
complex. The solutions were incubated for 1 h in a dark
chamber at 37 C followed by addition to the loading buf-
fer containing 25% bromophenol blue, 0.25% xylene cya-
nol, and 30% glycerol (2 lL), and the solution was ﬁnally
loaded on 0.8% agarose gel containing 1.0 lg/ml ethidium
bromide (EB). Electrophoresis was carried out for 2 h at
60 V in tris-acetate-EDTA (TAE) buﬀer. Bands were visu-
alized by UV light and photographed for analysis. Due cor-
rections were made to the observed intensities for the low
level of NC form present in the original sample of SC
Fig. 1. Electronic spectrum of complex 2 in an aqueous medium. The inset
shows the d–d band of the complex 2.
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parison to nicked-circular (NC) and linear forms of DNA
[35].
3. Results and discussion
3.1. Synthesis and general aspects
The ternary copper(II) complexes are prepared in high
yield from the reaction of Cu(NO3)2 Æ 3H2O with L-proline
and heterocyclic bases. The complexes are stable and solu-
ble in water and common polar organic solvents. They are
characterized from the analytical and physicochemical data
(Table 1). The one-electron paramagnetic complexes dis-
play intense charge transfer (CT) band in the range of
200–320 nm that can be attributed to the p! p* transition
of the coordinated phenanthroline ligand. The d–d band is
observed at 600 nm in an aqueous medium (Fig. 1). The
complexes are redox active and display a cyclic voltammet-
ric response near 0.1 V versus SCE in water–0.1 M KCl.
The redox process is assignable to the Cu(II)/Cu(I) couple.
The complexes show 1:1 electrolytic behavior in solution.
3.2. Crystal structure of 1
Complex 1 has been structurally characterized from sin-
gle-crystal X-ray diﬀraction technique. It crystallizes in the
non-centrosymmetric P1 space group of the triclinic crystal
system having two independent molecules in the crystallo-
graphic asymmetric unit. The copper(II) ion is coordinated
in a distorted square-pyramidal (4 + 1) coordination geom-
etry through the carboxylate oxygen atom O(1) and the
amino nitrogen atom N(3) of L-proline and two N-atoms
of 2,2 0-bipyridine and a weakly bound apical water mole-Table 1
Physicochemical data for the ternary L-proline copper(II) complexes 1 and
2
Complex 1 (B = bpy) 2 (B = phen)
IRa: ½mðNO3Þ=cm1 1384 1387
d–d Band: kmax/nm (e/M
1 cm1)b 602 (50) 612 (60)
CV: E1/2/V (DEp/mV)
c 0.11 (470) 0.13 (330)
KM
d /X1 cm2 M1 128 190
leﬀ
e /lB 1.78 1.75
Ka
f /M1 1.8 · 103 8.28 · 105
Kb
g/M1 3.58 (±0.2) · 105
[s] [1.53 (±0.1)]
DTm
h /C 2.0 (±0.1)
a KBr phase.
b In aqueous medium.
c Cu(II)/Cu(I) couple in Tris-buﬀer-0.1 M KCl. E1/2 = 0.5(Epa + Epc),
DEp = Epa  Epc, where Epa and Epc are the anodic and cathodic peak
potentials, respectively. Scan rate: 50 mV s1.
d In aqueous medium.
e leﬀ for solid at 298 K.
f Apparent DNA binding constant from competitive binding assay by
emission method.
g DNA binding constant from absorption spectral method.
h Increase in melting temperature of CT DNA.cule (average trigonal distortion parameter, sav = 0.094)
[36]. The structure resembles to the corresponding structure
of reported [Cu(L-pro)(phen)(H2O)](NO3) complex [24].
The conﬁguration at the proline nitrogen and the a-carbon
is S in each complex cation. The copper atom is displaced
by 0.16 A˚ from the mean plane through its basal atoms in
the direction towards the apical water molecule. The con-
formation of the ﬁve-membered ring of the proline ligand
can be described as twisted. The ORTEP view of the mol-
ecule is shown in Fig. 2. Selected bond distances and angles
are given in Table 2.
The bpy structure shows extensive intermolecular non-
covalent interactions. While one hydrogen atom of the
aqua ligand in 1 is hydrogen-bonded to the oxygen atom
of the lattice nitrate anion (distance 2.816 A˚), the other
hydrogen atom is H-bonded with the carboxylate oxygen
atom of another molecule (distance = 2.696 A˚). One more
intermolecular hydrogen bond persists between hydrogen
atom of secondary amine nitrogen of proline and oxygenFig. 2. ORTEP diagram of two independent molecules of complex 1
showing 50% probability thermal ellipsoids with atom labeling scheme for
the metal and heteroatoms.
Table 2
Selected bond distances (A˚) and angles () for [Cu(L-pro)(bpy)-
(H2O)](NO3) (1)
Molecule-A Molecule-B
Cu(1)–N(1) 1.963(8) Cu(2)–N(4) 2.023(8)
Cu(1)–N(2) 2.005(7) Cu(2)–N(5) 2.010(7)
Cu(1)–N(3) 2.011(6) Cu(2)–N(6) 1.994(6)
Cu(1)–O(1) 1.938(6) Cu(2)–O(4) 1.934(6)
Cu(1)–O(3) 2.330(6) Cu(2)–O(6) 2.271(5)
N(1)–Cu(1)–N(2) 81.2(3) N(4)–Cu(2)–N(5) 80.3(3)
N(1)–Cu(1)–N(3) 177.2(3) N(4)–Cu(2)–O(4) 167.9(3)
N(1)–Cu(1)–O(1) 92.8(3) N(4)–Cu(2)–O(6) 93.0(3)
N(1)–Cu(1)–O(3) 91.2(2) N(4)–Cu(2)–N(6) 98.9(3)
N(2)–Cu(1)–N(3) 100.6(3) N(5)–Cu(2) –N(6) 168.7(3)
N(2)–Cu(1)–O(1) 167.2(3) N(5)–Cu(2)–O(4) 92.9(3)
N(2)–Cu(1)–O(3) 96.9(2) N(5)–Cu(2)–O(6) 90.0(2)
N(3)–Cu(1)–O(1) 84.8(3) N(6)–Cu(2)–O(4) 85.8(3)
N(3)–Cu(1)–O(3) 90.7(2) N(6)–Cu(2)–O(6) 101.2(2)
O(1)–Cu(1)–O(3) 94.6(2) O(4)–Cu(2)–O(6) 97.1(2)
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cell packing diagram of 1 shown in Fig. S1. The intermolec-
ular hydrogen bonding interactions present in 1 are shown
in Fig. S2.
3.3. DNA binding properties
The binding of the complexes 1 and 2 to the calf thymus
(CT) DNA has been studied by electronic absorption spec-
tral technique. The absorption spectral traces of the com-
plex 2 with increasing concentration of CT DNA are
shown in Fig. 3. We have observed minor bathochromic
shift of 3 nm along with signiﬁcant hypochromicity for
complex 2. The equilibrium DNA binding constants (Kb)
along with binding site size (s) determination of the com-
plexes to CT DNA are obtained by monitoring the change
of the absorption intensity of the spectral bands with
increasing concentration of CT DNA. The bpy complexFig. 3. Absorption spectral traces on addition of CT DNA to the solution
of 2 (shown by arrow). The inset shows the best least-squares ﬁt of Deaf/
Debf vs. [DNA].shows weak binding to the DNA due to less extended pla-
narity compared to phen, which is consistent with the
observed trend in hypochromism. Kb and s values for the
phen complex, 2 are 3.58(±0.2) · 105 M1 and 1.53
(±0.1), respectively. The higher binding propensity of the
phen complex in comparison to its bpy analogue could
be due to the presence of extended planar aromatic ring
in phen. Earlier studies on bis-phen copper complex have
shown that this complex binds to DNA either by partial
intercalation or binding of one phen ligand to the minor
groove while the other phen making favourable contacts
within the groove [37–40]. The nature of binding of the
phen complex is proposed to be similar as observed for
the bis-phen species.
The emission spectral method is used to study the rela-
tive binding of the complexes to CT-DNA. The emission
intensity of ethidium bromide (EB) is used as a spectral
probe as EB shows no apparent emission intensity in buﬀer
solution because of solvent quenching and an enhancement
of the emission intensity when intercalatively bound to
DNA [41]. The binding of the complexes to DNA decreases
the emission intensity of EB. Relative binding propensity
of the complexes to DNA is measured from the extent of
reduction of the emission intensity (Fig. 4). The apparent
binding constant (Kapp) values for 1 and 2 are 1.8 · 103
and 8.28 · 105 M1, respectively. The comparatively high
DNA binding propensity of the phen complex in compar-
ison to its bpy analogue could be due to the presence of
extended aromatic ring in planar phen ligand facilitating
non-covalent interactions with the DNA molecule. The
reduction of the emission intensity of EB on increasing
the complex concentration could be due to displacement
of the DNA bound EB by the ternary copper(II)
complexes.Fig. 4. Emission spectral changes on addition of [Cu(L-pro)(phen)-
(H2O)](NO3) (2) to the CT-DNA bound to ethidium bromide (shown by
arrow). Inset: Eﬀect of addition of [Cu(L-pro)(B)(H2O)](NO3) [B = bpy (1,
n); phen (2, d)] to the emission intensity of 300 lM CT DNA-bound
ethidium bromide (1.3 lM) in a 5 mM Tris–HCl/5 mM NaCl buﬀer (pH
7.2) at 25 C.
Fig. 6. Gel electrophoresis diagram showing the cleavage of SC pUC19
DNA (0.2 lg, 33.3 lM) by complexes 1 and 2 (30 lM) in 50 mM Tris–
HCl/50 mM NaCl buﬀer (pH 7.2) in the presence of MPA (5 mM): Lane
1, DNA control; Lane 2, DNA + L-pro (30 lM) +MPA; Lane 3,
DNA + 2; Lane 4, DNA + 1 +MPA; Lane 5, DNA + 2 +MPA; Lane
6, DNA + distamycin-A (100 lM) + 2 +MPA; Lane 7, DNA + DMSO
(4 lL) + 2 +MPA; Lane 8, DNA + catalase (4U) + 2 +MPA; Lane 9,
DNA + KI (100 lM) + 2 +MPA; Lane 10, DNA + SOD
(4U) + 2 +MPA.
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strand results in absorption hyperchromism around
260 nm. The binding of metal complexes to the double-
stranded DNA usually stabilizes the duplex structure to
some extent depending on the strength of interaction with
nucleic acid [42]. The binding should lead to an increase
in the melting temperature (Tm) of DNA as compared to
DNA itself. The binding of the complex 2 results in an mod-
erate increase (2 C) in the melting temperature (DTm) of
CT-DNA suggesting primarily electrostatic and/or groove
binding nature of the complexes (Table 1, Fig. 5a).
To investigate further the binding modes of the com-
plexes, viscosity measurements on solutions of calf thymus
DNA incubated with the complexes were carried out.
Because the viscosity of a DNA solution is sensitive to
the addition of organic drugs and metal complexes bound
by intercalation, we examined the eﬀect on the speciﬁc rel-
ative viscosity of DNA upon addition of complexes. Since
the relative speciﬁc viscosity (g/g0), (g and g0 are the spe-
ciﬁc viscosities of DNA in the presence and absence of
the complexes, respectively) of DNA reﬂects the increase
in contour length associated with separation of DNA base
pairs caused by intercalation, a classical intercalator such
as EtBr could cause a signiﬁcant increase in viscosity of
DNA solutions. In contrast, a partial and/or non-classical
intercalation of the ligand could bend or kink DNA result-
ing in a decrease in its eﬀective length with a concomitant
increase in its viscosity [43,44]. The plots of relative viscos-
ities with R = [Cu]/[DNA] are shown in Fig. 5b. The rela-
tive viscosity of DNA increases with increase in the
concentration of the complex 2 but less compared to that
of potential classical intercalators, e.g. ethidium bromide.
This is consistent with the observed trend by other optical
methods and suggesting primarily electrostatic and/or
groove binding nature of the complex.
3.4. DNA cleavage studies
The oxidative DNA cleavage activity of the complexes
in the presence of reducing agent 3-mercaptopropionic acidFig. 5. (a) DNA melting curves for CT-DNA in the absence (- - -) and presen
(200 lM) on increasing concentration of complex 2 at 37.0 (±0.1) C in 5 mM(MPA, 5 mM) is investigated by agarose gel electrophoresis
using supercoiled (SC) plasmid pUC19 DNA (0.2 lg,
33.3 lM NP) in 50 mM Tris–HCl/50 mM NaCl buﬀer
(pH 7.2) and the copper(II) complexes (Fig. 6). Selected
DNA cleavage data are given in Table 3. The phen complex
2 shows eﬃcient ‘‘chemical nuclease’’ activity. A 30 lM
complex shows complete conversion of the SC (form I) to
its nicked-circular form (NC, form II) of DNA. Control
experiments with MPA or the ternary complexes alone
do not show any apparent conversion of SC to its
nicked-circular (NC) form. The bpy complex is cleavage
inactive due to its poor binding ability to DNA. To deter-
mine the groove binding preference of 2, control experi-
ments have been carried out in the presence of minor
groove binder distamycin-A [45,46]. Inhibition of cleavage
in presence of distamycin-A for the phen complex, suggest-
ing minor groove binding preference for the phen complex.
Mechanistic aspects of the chemical nuclease reactions
are performed using various control experiments (Fig. 6).
It is observed that hydroxyl radical scavengers [47] like cat-
alase, DMSO, KI signiﬁcantly inhibit the DNA cleavage
activity of the complex 2 indicating the possibility of the
involvement of hydroxyl radical and/or ‘‘copper-oxo’’
intermediate as the reactive species. Addition of superoxide
dismutase (SOD) does not show any inhibitory eﬀect on the
cleavage activity suggesting the non-involvement of O2
 ince of complex 2 (—). (b) Changes in the relative viscosity of the CT DNA
Tris–HCl buﬀer (pH 7.2), R = [complex]/[DNA].
Table 3
Selected cleavage data of SC pUC19 (0.2 lg, 33.3 lMNP) by complexes 1
and 2a
Sl. No. Reaction condition [Complex]/lM %NC
1 DNA +MPA (5 mM) 1
2 DNA + L-proline (30 lM) +MPA 2
3 DNA + 2 30 4
4 DNA + 1 +MPA 30 6
5 DNA + 2 +MPA 30 96
6 DNA + distamycin-Ab + 2 +MPA 30 26
7 DNA + DMSOc + 2 +MPA 30 7
8 DNA + catalased + 2 +MPA 30 12
9 DNA + KIe + 2 +MPA 30 10
10 DNA + SODf + 2 +MPA 30 80
a NC is nicked-circular form of DNA. [MPA] = 5 mM.
b 100 lM.
c 4 lL.
d 4 units.
e 100 lM.
f 4 units.
Scheme 2. Proposed mechanistic pathway for the chemical nuclease
activity of complex 2 in Tris-buﬀer medium.
R. Rao et al. / Polyhedron 26 (2007) 5331–5338 5337the cleavage reaction. The pathways involved in the DNA
cleavage reactions are believed to be analogous to those
proposed by Sigman and co-workers for the chemical
nuclease activity of bis(phen)copper species (Scheme 2)
[1,39,40].
4. Conclusions
Two ternary copper(II) complexes having N,O-donor a-
amino acid L-proline and N,N-donor heterocyclic bases are
prepared and characterized. The copper(II) complex with
planar phenanthroline base in CuN3O2 coordination geom-
etry shows eﬃcient DNA binding ability. The complex
shows minor groove binding propensity. The study also
conﬁrms that the binding ability of the complexes is impor-
tant to achieve eﬃcient DNA cleavage activity. Signiﬁcant
chemical nuclease activity is observed for the phen complex
2 under physiological reaction conditions via a mechanistic
pathway involving formation of hydroxyl radicals in pres-
ence of the MPA.
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